Abstract-For enhanced communication on board an aircraft, novel antenna systems with broadband satellitebased capabilities are required. The technology will enhance airline operations by providing in-flight connectivity for flight crew information and will bring live TV and highspeed Internet connectivity to passengers. The installation of such systems on board an aircraft requires for aerodynamic reasons the development a very low-profile aircraft antenna, which can point to satellites anywhere in the upper hemisphere. To this end, phased array antennas which are conformal to the aircraft fuselage are attractive. In this paper, two key aspects of conformal phased array antenna arrays are addressed: the development of a broadband Ku-band antenna and an optical beam forming network for tracking satellites. The antenna elements of the conformal array are stacked patch antennas with dual linear polarization which have sufficient bandwidth. For tracking an optical circuit is proposed that consists of a cascade of optical ring resonators. 
INTRODUCTION
For enhanced communication on board of aircraft novel antenna systems with broadband satellite-based capabilities are required. The technology must bring live weather reports to pilots, as well as live TV and high-speed Internet connectivity to passengers. Satellite communication services can be provided by Low Earth Orbiting (LEO) systems and Geostationary (GEO) systems. Altitudes of LEO satellites range between 700 and 1500 km over the Earth. The round-trip delay is only a few milliseconds, and free space propagation losses are low enough to make handheld terminals easily achievable. Well-known LEO systems are Iridium and Globalstar. The satellite orbits are optimised to provide highest link availability in the area between 70 ± degrees latitude on earth. Each satellite pass, as viewed from a user location on earth, typically lasts about 10-15 minutes. For geostationary communication systems much fewer satellites are required to provide coverage on earth. For instance, Inmarsat uses only two I4 satellites to provide coverage to around 85 per cent of the world's landmass and 98 per cent of the world's population. Today there are more than 300 operational geostationary satellites. These satellites are fixed at an altitude of approximately 36 .000 km at the equator. These satellites are being using for television broadcasting, communications and weather forecasting. In general, receiving and transmitting antennas on the earth do not need to track such a satellite. These antennas can be fixed in place and are much less expensive than tracking antennas.
An increasing number of Ku-band TV geostationary satellites is approaching end of life. Most satellites are still in a good technical state, but the level of propulsion fuel does not allow full orbital control. With a reduced amount of fuel the east-west position of these satellites can be controlled, while the inclination angle will slightly increase every year. Then, these are not very useful anymore for general TV broadcasting, since millions of users are equipped with fixed pointing antennas. Instead tracking antennas should be needed, but they are more expensive. However, when the mobile terminal for satellite communication is moving (for instance when applied on a flying aircraft) a tracking antenna is required in all circumstances. Many studies are going on worldwide to employ these Ku-band geostationary satellites for communication with mobile terminals on cars, trains, ships and aircraft. For a short period broadband internet was available on aircraft via Connexion by Boeing (CBB) services. Lufthansa installed the CBB system on some of their long-haul aircraft.
In 2006 the CBB services ended, because the consumer market for this service had not materialized as was expected. In August 2007 the US government awarded a contract to Boeing for providing Boeing Broadband Satcom Network (BBSN) services to the U.S. Air Force Air Mobility Command. BBSN has to provide high-speed Internet communications and direct broadcast satellite TV service as a cost effective solution for the U.S. government's aircraft and airborne customers. Supported aircraft include C-32s, C-40s, E-4s as well as the full spectrum of VIP and special air mission aircraft.
Ku-band terminals on board moving platforms require antennas with high gain in which the main beam can continuously be steered to geostationary satellites. To this end the following types of antenna systems can be identified:
-Mechanically steered reflector antennas (see Figure 1 ).
-Mechanically steered array antennas (beam of array is fixed, but mechanically steered).
-Electronically steered phased array antennas.
-Hybrid steered antennas; such antennas are normally mechanically steered in one direction (e.g. azimuth), in electronically in the other direction (e.g. elevation).
Mechanically steered reflector and array antennas require a large radome for reasons of protection. Such a radome increases the aerodynamic drag and requires additional cuts and stiffeners in the fuselage structure. On the other hand, conformal electronically steered phased array antennas offer several advantages over mechanically steered reflector antennas, and designers should take advantage of the improvements these conformal antennas offer. The conformal antennas should have similar antenna characteristics with high scan capabilities at high latitudes. In addition the antenna should be able to withstand severe environmental conditions such as temperature, pressure and vibration.
Figure 1 Mechanically steered reflector antenna

Figure 2 Conformal phased array antenna
In the Netherlands, a consortium (consisting of University of Twente, Lionix BV, National Aerospace Laboratory NLR and Cyner Substrates) is developing technology for such conformal airborne antennas. This technology development (carried out in the national FlySmart project) includes two key topics: a broadband conformal Ku-band antenna and a broadband optical beam forming network. The objective of this paper is to present research results of these two key topics.
The antenna front-end consists of a broadband conformal phased array antenna (bandwidth ≥ 2GHz) operating in Kuband. The antenna elements are stacked patch antennas with dual linear polarization. First results indicate sufficient bandwidth in input impedance and radiation pattern. Special attention is paid to the manufacturability of the antenna by selecting specific materials and appropriate fabrication techniques.
Once the global design of the conformal phased array has been established, further research concerns the verification of its beam steering capabilities. For instance, is it possible to find an optimum set of element excitations for the antenna elements of the array to best satisfy the radiation pattern demands in some well-defined sense and to steer the beam in the direction of the geostationary satellites? The National Aerospace Laboratory NLR has developed an adapted least squares pattern synthesis that yields an efficient tapering for conformal phased arrays (see [1] ). This synthesis method is applied to determine the excitations of directive pencil beams of a circularly shaped phased array in Ku-band on a singly curved structure, and to investigate the radiation patterns of beams of conformal phased arrays on top of the fuselage when the aircraft is flying at relatively high latitudes (for instance 70 degrees north of the equator).
For the steering of the beam of the conformal phased array a squint-free, continuously tunable mechanism is proposed that is based on a fully integrated optical beam forming network (OBFN) 
SYSTEM ASPECTS
In the ITU Radio Regulations [2] portions of the K u -band are allocated to aeronautical services: In order to be able to receive these satellites also at high latitudes (e.g. during inter-continental flights) the antenna system should have sufficient performance at low elevation angles.
Therefore the antenna system is required to have a small beamwidth (to discriminate between the satellite signals) and a high gain (>30 dB) also at low elevation angles. Since gain of the antenna is related to the effective aperture of the antenna in the direction of the satellites, a conformal antenna also covering side parts of the fuselage could be an advantage.
The phased array antenna shall maintain the proper (linear) polarization during all attitudes and at all positions of the aircraft (also at high latitudes).
An antenna to be used on aircraft has to be able to operate in severe environmental conditions concerning temperature, pressure, vibration and humidity. The environmental requirements for civil airborne equipment are given in RTCA DO-160 or EUROCAE ED-14 [5] .
In general, the antenna system consists of a phased array antenna, electrical-to-optical conversion, optical beam forming (or beam steering) and optical-to-electrical conversion ( Figure 3 ). The phased array antenna will be a conformal (singlycurved) 2-D array of dual linear polarised broadband antenna elements. Each antenna is followed by a Low Noise Amplifier (LNA) and down-converter (together a Low Noise Block converter, LNB). The Local Oscillator (LO) signals of the LNBs are synchronised to maintain an appropriate phase relation between the OBFN channels. The Intermediate Frequency (IF) signal from the LNB is subsequently fed to optical modulators which perform the electrical-to-optical conversion. In the Optical Beamforming Network (OBFN) each individual signal is attenuated and delayed in order to shape and direct the antenna beam. The sum of all signals is converted back from the optical to the electrical domain.
The tracking algorithm will use the aircrafts position and attitude to determine the appropriate polarization and azimuth and elevation of the antenna beam.
To reach the objective of a 2 GHz bandwidth, both the antenna front-end and the beamforming network should have broadband characteristics. Therefore, the antenna front-end consists of an array of stacked patch antennas. The beamforming network consists of an optical network with True Time Delays (TTD) which have inherently large bandwidth. To have a 2 o beamwidth and high gain antenna (approx. 36 dB), a large array antenna is needed. The current design is based on an array of 40 by 40 antenna elements (1600 in total).
DEVELOPMENT OF KU-BAND ANTENNA
The objective is to develop a very low-profile aircraft antenna, which can point to geostationary satellites anywhere in the upper hemisphere. Traditionally, reflectorbased solutions have been proposed which are unattractive to airlines since they create significant drag and push up fuel costs. Instead conformal phased array antennas of which the main beam can electronically be steered are recommended. In general an array antenna consists of a multiple of active antenna elements coupled to a common source to produce a directive radiation pattern. The antenna element could be any type, but should have an omnidirectional radiation pattern. Since the aircraft antenna should have a low profile most suitable antenna elements are microstrip patches, which are fed by apertures in a ground plane. The main disadvantage of these microstrip patch antennas is their limited bandwidth which is in the order of a few percent for a typical patch radiator. This property makes the classical patch antennas less attractive for broadband satellite communication. In order to increase the bandwidth, stacked patches have been advocated in literature. In the stacked patch configuration a parasitic element is placed above a lower patch, separated by foam or other space filler. In this manner, bandwidths on the order of 30-35% can be achieved [6] . In this section we present the design of stacked patch K u -band antenna element and we discuss the preliminary design of a conformal array of stacked K u -band antenna elements.
Design of single Ku-band antenna element
A common approach for increasing the bandwidth is to add parasitic elements to the antenna structure (e.g. a stacked patch). This reduces the impedance variation of the antenna with the frequency, thus enhancing bandwidth performance.
Various arrangements of stacked structures have been investigated in [7] and [8] .In practice, it is difficult to optimise the bandwidth of these structures due to their sensitivity with respect to many physical parameters (patch sizes, substrate thicknesses, and feed-point position). Research has focused on the choice of the materials for the dielectric layers in the stacked configuration. Thick laminates of low-dielectric constant provide the largest bandwidth and surface wave efficiency (see [8] ). Figure 4 shows the design of the present K u -band antenna element consisting of a multilayer structure where the parasitic and radiating patches are mounted on commercially available Duroid substrates. The space between the patches is filled with typical space filler that is being developed for this purpose. The lowest patch is being fed by an aperture in a lower ground plane, again mounted on a substrate. On the lower side of this substrate are horizontal feed lines, which are connected to shielded vertical feed lines to provide connections with the beam forming network on a lower layer.
The dimensions of the K u -band antenna design have been optimised by using ANSOFT HFSS simulation software. The ANSOFT HFSS model for the design is shown in Figure 5 . The dimensions of the patches, dog bone aperture and thicknesses of foam layers have been optimised with the aim to get an antenna which could span the frequencyband from 10.7 to 12.75 GHz. Some results of this optimization process are shown in Figure 6 and Figure 7 . Figure 6 shows the computed radiation pattern for left-hand and right-hand polarization for two sections in the hemisphere (at 0 φ = and 90 φ = degrees). The computed gain of this stacked patch antenna is about 9dBi. Figure 7 displays the reflection coefficients of the antenna element. Notice that the return loss is below -10 dB in the frequency range between 10.7 to 12.75 GHz as aimed, which indicates that this element has sufficiently large bandwidth for broadband data transmission.
Prelimary design of Ku-band band antenna array
The Ku-band antenna array will consist of a rectangular array of antenna elements (as presented in the previous section) mounted on a circular cylindrical aluminium surface (hence singly curved). The distance between the antenna-elements will be approximately 11.8 mm (measured between the centres of the antenna-elements).
The antenna has to be bent around singly curved structure with the radius of the fuselage of an aircraft. Hence, the outer convex surface is placed under substantial tension and is forced to stretch. These stretch causes a non-flexible (foam with resin absorption) material to crack. Furthermore, the bending can result in deformation and tearing of the copper antenna elements, which will pull the antenna apart. Therefore, the antenna will be faceted in the curved direction. Each face will support a separate rectangular array of Ku-band antenna elements (with only a few elements in azimuth direction). On the upper side of the antenna structure small notches will be made to provide the curvature. Preliminary vibration tests using a sample structure were promising.
Two planar samples with Ku-band arrays have been manufactured. The first sample consisted of an array of 8x1 antenna-elements, the second sample had 8x8 elements. Some results of coupling measurements and computations are presented in section 5. 
DEVELOPMENT OF OPTICAL BEAMFORMER
Implementing the beamformer in the optical domain shares many common advantages with other RF photonic signal processing techniques [10] , [11] , such as compactness and light weight (particularly when integrated on a chip), low loss, frequency independence, large instantaneous bandwidth, and inherent immunity to electromagnetic interference. Most previously proposed optical beamformer systems are either based on optical phase shifters [12] or switchable delay matrices [13] . However, phase shifters do not provide true time delay (TTD), and therefore result in a frequency-dependent beam angle and shape (beam squint). Switchable delay matrices are not continuously tunable: they show a trade-off between beam angle resolution and complexity. An alternative that offers both continuous tunability and TTD is based on chirped fibre gratings (CFGs) [14] - [16] , but this technique has the disadvantage of requiring bulky optical components and an (expensive) tunable laser.
In this section a squint-free, continuously tunable OBF mechanism for a phased array receiver system is proposed that does not require a tunable laser. It is based on a fully integrated optical beam forming network (OBFN) using cascades of optical ring resonators (ORRs) as tunable delay elements. A dedicated system architecture is proposed that relaxes the requirements on optical modulators and detectors, and on the OBFN itself. It has a potential for full beamformer integration.
This section is organized as follows. In the next subsection, the theoretical principles of ORR-based delay elements will be summarized. After that it will be explained how these delay elements should be grouped into an OBFN. In the third subsection the complete system architecture around this OBFN will be described, with particular focuss on how the electro-optical and opto-electrical conversions should be performed. The section will end with a description of the fabrication technology for the optical chips.
Ring Resonator-Based Delays
In the waveguide realization an ORR-based delay element consists of a straight waveguide and a recirculating waveguide coupled parallel to it. This is illustrated in the inset of Figure 8 , where three of such ORR sections are cascaded. An ideal lossless ORR section acts as an optical all-pass filter, which is characterized by a unity magnitude response. It has a periodic group delay response, which represents the effective time delay to the RF signal that is modulated on the optical carrier signal. A mathematical expression for this group delay response is given by [17] - [20] , )
in which T is the round-trip time of the light in the ring, or in other words, 1/T is the free spectral range (FSR) of the ORR. κ is the power coupling coefficient of the coupler, and φ is the additional round-trip phase shift of the ring.
Within one FSR of the group delay response (shown by the dashed lines in Figure 8 ) a delay peak is centered at the resonance frequency, which is intended to be used to delay the RF signal. The peak value of the delay and the resonance frequency are determined by the (tunable) parameters κ and φ, respectively, which facilitates the continuous tunability of the ORR-based delay element. However, the peak value of the delay is more or less inversely proportional to the peak width. This is because the area underneath the delay curve in one FSR is equal to 1/(2π) times the phase transition within one FSR. Since this phase transition is constant (2π), the area under the group delay response in one FSR is also constant (unity). Hence, when the peak delay value of the ORR is increased, the bandwidth decreases, revealing an inherent trade-off of the ORR-based delay [17] - [21] . For a broadband RF signal a single ORR may not provide enough delay bandwidth. In this case multi-ring delay elements can be used instead. A multi-ring delay element is built by cascading multiple ORR sections, as shown in the inset of Figure 8 . Each ring can be tuned independently, and the individual group delay responses superpose to form the eventual group delay response of the multi-ring delay element. When the rings are properly tuned, to different resonance frequencies, a group delay response with a flattened delay band can be achieved, as shown in Figure 8 . It can be seen that delay ripples appear in the flattened delay band. This delay ripple may cause signal distortion and is inevitable, but can be reduced to an acceptable level by squeezing the resonance frequencies closer to each other or by adding more rings in the cascade. The second approach, however, increases the tuning complexity of the delay element. Hence, multi-ring delay elements show an inherent trade-off between peak delay, bandwidth, delay ripple, and number of rings [17] , [19] - [21] .
In [21] we have presented group delay measurements on a three-ring optical delay device -realized in CMOScompatible optical waveguide technology [22] - [24] showing good agreement with this theory.
Optical Beam Forming Network
When the optical delay elements are combined with tunable signal processing circuitry (power splitters or combiners), an OBFN is formed. Integrating such an OBFN into one single optical chip has many advantages compared to connecting separate optical devices, such as compact size, light weight, low loss, and reduced costs. Moreover, integration on chip facilitates coherent optical combining, so that only one laser and one detector are required in a complete phased array receiver system, as we will see in the next subsection. Figure 9 shows an ORR-based 1×8 OBFN for a transmitter phased array, based on a binary tree topology. It consists of three stages and has eight outputs. In this case twelve ORRs and seven tunable power splitters are involved. The OBFN is arranged in such a way that an increasing number of ORRs is cascaded for Outputs 1 to 8, to satisfy the delay requirement for beam forming in a linear phased array. Compared to the parallel topology, which has independent cascades of ORRs for each output, the binary tree-based OBFN is more efficient with respect to the required number of rings, and therefore has a reduced tuning complexity. Moreover, the binary tree-based OBFN is easy to extend: more outputs can be obtained by simply adding more stages.
The first single-chip realization of an ORR-based OBFN, based on a 1×4 binary tree topology, was presented in [25] , and later extended to a 1×8 OBFN [26] , [27] .
Optical Beamformer System Architecture
When an OBFN is applied in a phased array receiver system, the individual antenna element signals first have to be converted from the electrical to the optical domain. The optical signals are then re-aligned and combined by the OBFN, resulting in one output signal that has to be converted back to the electrical domain.
In order to minimize the loss, the combining of the optical signals in the OBFN should preferably be done coherently, which requires the use of a common laser. The output light of the laser should first be split, and then be modulated by the antenna element signals, using external modulators. The most straightforward way of doing so is to apply optical double-sideband (DSB) modulation, for example using Mach-Zehnder modulators (MZMs). The output signal of the OBFN can then be converted to the electrical domain by direct optical detection, using a photodiode. This is illustrated in Figure 10 .
A drawback of this approach is the large bandwidth of the modulated optical signal [28] . Its spectrum consists of the optical carrier and -depending on the modulation depthat least two sidebands. With satellite TV operating in the 10.7-12.75 GHz band, it follows that the optical bandwidth is at least 25.5 GHz. In order to avoid signal distortion in the OBFN, the optical delay elements in the OBFN should provide flat group delay response in the entire frequency range of the modulated optical signal. The large bandwidth of this flat group delay response has two disadvantages [28]:
1. As mentioned earlier, the ORR-based delay elements follow a trade-off between maximum delay, optical bandwidth, delay ripple, and number of ORR sections. With DSB modulation, the product of maximum delay (in the order of nanoseconds) and bandwidth (25.5 GHz) would be such that it can be proven [20] that at least several tens up to several hundreds of rings are required for realizing such tuning range over such a large bandwidth with reasonable group delay ripple. This would result in a very complex OBFN, particularly because all these rings need to be separately tunable;
2. Moreover, a large optical bandwidth requires a large FSR and, hence, a small round-trip time T. Assuming a waveguide group index in the order of 1.8 (see the next subsection), it can be verified that an FSR in the order 25.5 GHz would correspond to a ring circumference of 6.5 mm. In the next subsection it will become clear that this requires the race track-shaped rings to have either relatively small bending radius (resulting in excessive bending losses) or short tuning elements (resulting in inefficient tuning).
As a result, alternative solutions are needed to reduce the bandwidth of the modulated optical signal. A straightforward option would be to apply frequency down conversion to an intermediate frequency (IF) range prior to electro-optical conversion. This has the additional advantage that slower (and hence less expensive) optical modulators can be used. However, it has the disadvantage that the local oscillators (LOs) in the downconverters would then need to have tunable phase differences (corresponding to the delays in the OBFN) in order to prevent IF phase offsets, and, moreover, that a relative IF bandwidth in excess of one octave would result in second order intermodulation distortion (IMD-2), which decreases the dynamic range of the receiver. This is further explained in [28] .
An alternative approach is to use optical single-sideband (SSB) instead of DSB modulation, reducing the optical bandwidth by half. This can be even further reduced by also suppressing the carrier (SSB-SC modulation), resulting in an optical bandwidth that equals the bandwidth of the modulating (RF) signal [28] , [29] . The opto-electrical conversion after the OBFN must then be done by means of coherent optical detection. This can be implemented by routing the unmodulated optical carrier signal around the OBFN, combine it with the OBFN output signal by means of a 2×2 directional coupler, and subtract the output powers of this coupler by means of a balanced detector [28] , [29] . This is illustrated in Figure 11 .
Advantages of this optical modulation/detection scheme are:
• The optical bandwidth is significantly reduced, thereby reducing the complexity of the OBFN (number of rings), and bringing the bending loss and tuning efficiency in each ring to an acceptable level;
• The balanced detector cancels most of the laser's relative intensity noise (RIN), thereby significantly increasing the dynamic range of the system [30] ;
• In case down conversion is performed prior to optical modulation, IF phase offsets can now be corrected by simple optical phase shifts in the OBFN (which are required anyway for coherent combining), and IMD-2 is canceled by the balanced detector [28] .
Optical SSB-SC modulation can be implemented in various ways [28] , but the simplest way for this particular application is to use DSB modulators followed by optical sideband filters (OSBFs). DSB modulation can be performed by MZMs, which can be biased in such a way that the carrier is inherently suppressed (DSB-SC modulation) [31] . The OSBF is then only required to suppress one of the sidebands. Since the OBFN and OSBF are both linear devices, their order can be reversed, so that only one common OSBF is required, as illustrated in Figure  11 .
A logical design choice for the OSBF is to use a filter structure based on the same building blocks as the OBFN (couplers and ORRs). The OSBF can then be realized in the same technology as the OBFN (see the next subsection) and, hence, be integrated on the same chip. We chose to use an unbalanced Mach-Zehnder interferometer with an ORR in the shortest branch, as shown in Figure 12 . The circumference of this ORR is twice the path length difference of the MZI. The advantage of such a filter is that it has flattened pass bands and stop bands that can be made relatively wide, with steep transitions in between [29] , [32] .
Design and Realization of the Optical Chips
As mentioned before, the OSBF can be realized in the same technology as the OBFN, which reduces the fabrication complexity. Using the same technology for different components is a large advantage in VLSI integration.
An important parameter in the realization of the optical chips is the loss induced by the waveguide structures. A very promising technology that can meet the high requirements for the optical chip fabrication is the TriPleX technology of LioniX [22] , [24] , [33] , [34] . This technology consists of a multi-layer stack of LPCVD silicon oxide and nitride. Since all composing materials are end products during the deposition, the material properties are very stable and reproducible and the device properties are therefore only determined by the geometry of the device. The basic steps of the fabrication of the TriPleX waveguides are shown in Figure 13 .
With this fabrication technology waveguides with different properties can be fabricated. The difference between the different waveguides is the etch depth in the nitride and the local removal of the Si 3 N 4 . In Figure 14 an example of two types is shown. The left waveguide is highly polarizationdependent and has a relatively high effective index (~1.65). The waveguide on the right has a slightly lower effective index (~1.5-1.6), but can be fabricated with lower polarization dependency. -tapered waveguides for in-and outcoupling.
The BBBs were designed and their fabrication process was simulated with software of PhoeniX bv [35] after which they were realized in order to verify their behaviour before combining them into a complete optical chip. After selecting the proper BBBs from measurements on the realized test-structures, the complete functional chip is designed with these BBBs. Heaters are applied on the chip in order to thermally tune the optical properties of the ORR (the resonance wavelength), the optical delay in the OBFN and the splitting ratio in the directional couplers. Figure 15 shows an image of the designed three stage cascaded 1×8 OBFN (including a realized chip) and Figure 16 shows the image of the mask of the OSBF. The chips that were fabricated so far are based on the polarization-dependent waveguide of Figure 14 . Research with the more polarization independent type is still ongoing. The realized chips have waveguides of 2 µm wide, with a bending radius of 700 µm and directional coupler lengths of 150 µm. The heaters are 2.8 mm long, with a width of 20 µm and a thickness of 150 nm. They allow tuning of the resonance frequency and peak delay of each ORR, and tuning of the splitting ratios of the splitters, within 1 ms. For instance a 1×8 OBFN (as shown in Figure 15 ) uses 31 heaters (two tuning elements for each ORR, and one for each splitter). Each heater consumes approximately 0.25 W, which brings the total power consumption of the entire chip to approximately 8 W. Further research into lowering the amount of optical power is still in progress.
EXPERIMENTAL RESULTS
Ku Band Antenna Elements
Two prototype Ku-band antenna elements (with stacked patches) have been manufactured. The first sample contained classical Rohacell foam as spatial filler between the radiating and parasitic element. This Rohacell foam is not very attractive from manufacturing point of view because the glue of the adhesive layers can penetrate in the foam cells, which changes the dielectric properties of the foam. This, in turn, strongly affects the bandwidth of the antenna element. In order to solve this problem, special dedicated space filler has been developed with improved cell structure so that the glue does not penetrate in the filler. The second sample contained this special filler. The reflection coefficients of both Ku-band antenna samples have been measured. The results are presented in Figure 17 . This figure also contains the data of the designs as computed by ANSOFT designer and ANSOFT HFSS. Furthermore, the Ku-band antenna sample with special filler has been mounted on a relatively large ground plane. The effects of adding this ground plane can be assessed by comparing the S11-reflection coefficient as indicated by data P2 and data P3 in Figure 17 . Inspection of Figure 17 reveals that the Ku-band antenna with special filler satisfies the bandwidth requirement, that the return loss is less than -10 dB for frequencies between 10.5 and 12.5 GHz. It should be noticed that this prototype antenna element can be further improved by optimizing the dimensions of the dog bone feeding aperture. Two planar samples with Ku-band arrays have been manufactured. The first sample consisted of an array of 8x1 antenna-elements, the second sample had 8x8 elements. The crosstalk between several elements in the planar array of 8x8 elements has been assessed by computing and measuring their reflection coefficients in the frequency domain between 10.5 and 12.5 GHz.
The maximum values observed in this frequency domain are presented in Figure  18 . This figure indicates that the crosstalk between the elements in the Ku-band array is rather low. However, the manufacturing of the antenna can be further improved since the transmission between two elements in horizontal direction is rather high in comparison to the computer simulations. Figure 18 Crosstalk between antenna elements in prototype Ku-band planar array (8x8 elements)
Optical Beam Forming Network Chip
The optical group delay at the outputs of the 1×8 OBFN chip were measured while varying the optical wavelength, over one FSR of 14 GHz. (This corresponds to waveguide group index of 1.8, and a ring circumference of 1.2 cm.) This was done by means of a network analyzer, using the phase shift method; details are given in [25] - [27] . The results for Output 2 to 8 are shown in Figure 19 , and demonstrate the delay generation of one single ring up to seven cascaded rings, respectively. The rings are tuned such that the group delay responses are flat in a common frequency band with a width of roughly 2.5 GHz, which is more than enough to support the satellite TV band (10.7-12.75 GHz). The delay values of the respective output ports are linearly increasing, corresponding to an eight-element linear phased array. The largest delay value is approximately 1.2 ns (corresponding to 36 cm in air), and has a maximum ripple of approximately 0.1 ns (about one wavelength in K u -band).
Note that 1.2 ns is more than enough for an eight-element linear phased array in the Ku band. These measurements were actually done within the framework of a project in which a different (lower) frequency range was considered, but clearly demonstrate that sufficient delay tuning range can be generated for satellite TV communication. Scaling to larger arrays is simply a matter of adding ports and cascading more rings to achieve higher delays. Figure 20 shows the measured cross port transmission of the OSBF chip (solid line). It was normalized to the maximum power transmission in order to enable comparison to theory (dotted line), without taking into account the relatively high fiber-chip coupling losses (10 dB). These should be attributed to the fact that this chip has no tapered end faces, so we expect to significantly improve this in the future.
Optical Sideband Filter Chip
From the graph we can conclude that the measured response fits in the theoretical curve rather well. We believe that the difference (especially the asymetry) should mainly be attributed to the fact the circumference of the ring might not be exactly twice the path length difference of the MZI. The pass band ripple is below 1 dB and the stop band suppression is more than 25 dB, with pass band and stop band both having a width of 15 GHz.
DEVELOPMENT OF DEMONSTRATOR
The demonstrator antenna that will be built in the FlySmart project will have limited capabilities compared with the airborne antenna. The main objective of the demonstrator is to show the broadband characteristics of the antenna front end and the optical beam former. In addition the beam forming and beam steering algorithms will be verified. For this purpose an 8 by 8 array antenna will be developed. In one dimension the output of all antenna elements will be coherently summed. In the other dimension the 8 combiner outputs will be fed to an 8 channel OBFN. For demonstration purposes, this antenna will be installed on a vehicle. Since the beamwidth and antenna gain are not appropriate for reception of real satellite signals, a local satellite repeater will be used for the demonstration.
CONCLUSIONS
For broadband satellite communication on board an aircraft the development of an advanced conformal antenna array has been discussed. Such antennas require high gain with large bandwidth of which the beam can continuously be steered to the communication satellite. To reach the objective of a 2 GHz bandwidth at Ku-band, both the antenna front end and the beam forming network should have broadband characteristics. Key subsystems which are needed to achieve this objective are: Ku-band antenna elements with sufficiently large band with and an optical beamforming network with True Time Delays which have inherently a large bandwidth. The feasibility of these subsystems has been presented.
The Ku-band antenna is a stacked patch configuration where a parasitic element is placed above a lower patch, separated by dedicated space filler. The first manufactured prototype antennas indicate that the bandwidth is sufficiently large. Furthermore, the required gain can be achieved by putting a sufficiently large number of these antenna elements in an array. It has been shown that the crosstalk between these antenna elements is low. 
